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Small (≤ 25 mm in apparent diameter) sensory neurones

in dorsal root ganglia (DRG) include the cell bodies of

nociceptive C-fibres (e.g. Baker & Wood, 2001). Many

inflammatory mediators (for example PGE2, ATP and

5-HT) are known to increase neuronal excitability

through G-protein-coupled receptors (England et al. 1996;

Gold et al. 1996; Irnich et al. 2001), and can induce

sensitization to non-noxious stimuli (e.g. Taiwo & Levine,

1992). The G-protein-mediated effects on the current

generated by the tetrodotoxin-resistant (TTX-r) Na+

channel NaV1.8 involve a negative shift in activation

voltage dependence through channel phosphorylation,

promoting repetitive firing (England et al. 1996).

Physiological experiments (Brock et al. 1998; Michaelis et
al. 1998; Strassman & Raymond, 1999) and the sensory

deficits of NaV1.8 null mutant mice (Akopian et al. 1999b)

have demonstrated the importance of this TTX-r Na+

channel in nociception and pain pathways. Another TTX-r

Na+ current present in small diameter sensory neurones,

and attributed to NaV1.9, exhibits ultra-slow kinetics and

an activation threshold around _65 mV (Cummins et al.
1999), which is substantially more negative than  that of

transient Na+ currents in the same neurones. This current

can be recorded in the presence of TTX in NaV1.8 null

mutant neurones, although it is also present in wild-type,

and because of its slow and partial inactivation we refer to

it as persistent current. While its kinetics have been

thought to be too slow to contribute to action potential

generation (Herzog et al. 2001), the persistent current

has been suggested to contribute to setting a resting

membrane potential that is much more positive than the

K+ ion equilibrium potential (Herzog et al. 2001).

In vitro studies have indicated that many small diameter

sensory neurones have a resting potential near _60 mV

(e.g. Wang et al. 1994). Transmission in small diameter

axons may lead to activity-related reductions in conduction

velocity, which can be explained by hyperpolarization,

brought about by electrogenic Na+ pumping (Serra et al.
1999). In larger demyelinated axons, Na+ pumping can

generate sufficient hyperpolarization to cause impulse

conduction failure (Bostock & Grafe, 1985). The

membrane potential in small diameter axons may

therefore become more negative in an activity-dependent

manner, increasing the contribution of persistent current

to excitability.

Because other ion channels, including Na+ channels, are

regulated by G-protein signalling pathways, we tested the

hypothesis that activation of G-proteins by intracellular

GTP or GTP-g-S might also regulate NaV1.9. We found

that including GTP or its non-hydrolysable analogue

GTP-g-S in the intracellular media led to substantial
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upregulation of the current over a few minutes, an effect

not obtained with GDP. Upregulation of the current

resulted in an increase in membrane excitability, and

spontaneous action potential generation. Some of these

observations have been reported previously in abstract

form (Baker et al. 2002).

METHODS 
Tissue culture
DRG cultures were prepared from adult wild-type and NaV1.8 null
mutant mice, and from 3-week-old Sprague-Dawley rats. The
animals were killed by cervical dislocation, in accordance with the
UK Animals (Scientific Procedures) Act 1986. Primary sensory
neurones were isolated using enzymatic dissociation of pooled
DRGs (dispase/collagenase; Sigma, Poole, Dorset, UK) and
maintained in culture for 1–2 days, as described elsewhere (Baker
& Bostock, 1997). Results obtained from wild-type neurones
isolated from rat were indistinguishable from those from
neurones isolated from mouse. The NaV1.8 null mutant was used
in order to isolate the low-threshold Na+ current in voltage-clamp
recordings in the presence of external TTX.

Electrophysiology and solutions
Conventional whole-cell patch-clamp recordings in both voltage-
clamp and current-clamp modes were made from neurones of up
to 25 mm apparent diameter, using an Axopatch 200B amplifier
(Axon Instruments, Union City, CA, USA) driven from a PC
generating pulse protocols (pCLAMP 6, Axon Instruments). Data
were stored on a PC for off-line analysis. In voltage clamp, TTX-r
Na+ currents were recorded in relative isolation by including
pharmacological blockers of both K+ and Ca2+ currents in the
media, and by including 250 nM TTX in the extracellular solution.
For voltage-clamp recordings, the external solution contained
(mM): NaCl 43.3, tetraethylammonium chloride 96.7, Hepes 10,
CaCl2 2.1, MgCl2 2.12, 4-aminopyridine 0.5, CsCl 10, KCl 7.5,
CdCl2 0.02, TTX 0.25 w 10_3. The internal solution contained
(mM): CsCl 145, EGTA(Na) 3, tetraethylammonium chloride 10,
Hepes 10, CaCl2 1.21, ATP(Mg) 3. In addition, the internal
solution contained 500 mM GTP (Li), GTP-g-S (Li) or GDP (Na).
Control solutions contained 500 mM GDP (Na) plus 2.5 mM LiCl,
or 2.5 mM LiCl only. The external and internal solutions were
both buffered to pH 7.2–7.3 with the addition of CsOH. A single
micromolar range IC50 was expected for Cd2+ block of high-
threshold, voltage-activated (HVA) Ca2+ currents (Shafer, 1998)
and a concentration of 20 mM was expected to give a substantial
block (e.g. 90 %). Residual HVA Ca2+ currents were sometimes
observed, although they ran down on a similar time scale to the
upregulation of the low-threshold persistent current. Low-
threshold Ca2+ currents were not seen even before Na+ current
upregulation, and have been reported to be either absent from
small diameter DRG neurones, or small (Scroggs & Fox, 1992;
Cardenas et al. 1999). In current-clamp recordings (input
resistance ≥ 60 MV, associated with a passive membrane time
constant of 1 ms or longer), quasi-physiological solutions were
used without blockers. The solutions contained (mM): external:
NaCl 140, Hepes 10, CaCl2 2.1, MgCl2 2.12, KCl 2.5; and internal:
KCl 143, EGTA (Na) 3, Hepes 10, CaCl2 1.21, MgCl2 1.21,
ATP(Mg) 3. The internal solution also contained GTP, GTP-g-S
or GDP as above. The pH of the external and internal solutions
was adjusted to 7.2–7.3 with the addition of NaOH. All chemicals
were Analar grade (>> 99 % purity) (BDH, Lutterworth,

Leicestershire, UK) or obtained from Sigma. TTX was obtained
from Alomone Labs (TCS Biologicals, Botolph Claydon,
Buckinghamshire, UK) and Sigma.

Electrodes were made from thin-walled glass (Harvard Apparatus,
Edenbridge, Kent, UK), and had a resistance of between 2 and
3 MV when initially filled with recording solution. In both
voltage-clamp and current-clamp experiments, series-resistance
compensation was set between 70 and 75 %, with a nominal
feedback lag of 12 ms. In voltage-clamp recordings, the holding
potential was _110 mV, and incrementing clamp steps were
preceded by a 20 ms duration pre-pulse to _130 mV. Current
records were the average of the responses to three consecutive
families of clamp steps. Leak subtraction was achieved on-line,
using a P/N protocol, where five reverse polarity clamp steps were
averaged to generate the leakage record. For measurement of
input conductance, the change in holding current was measured
when the membrane potential was stepped to _120 mV from
_110 mV, i.e. a potential range over which the low-threshold
persistent current is not expected to operate. In current clamp,
steady polarizing currents were applied to set holding potentials,
and were adjusted periodically. For continuous recording of
membrane potential, the value was repeatedly sampled over 5 ms
every 2 s, while the holding current was set to zero. Records were
filtered at 5 kHz using a 4-pole Bessel filter.

Data analysis
The Na+ currents in Figs 1 and 3 were converted to conductance
values using the equation:

G = I/(Vm _ ENa),

where G is whole-cell peak conductance, I is the whole-cell peak
current, Vm is the membrane potential and ENa is the equilibrium
potential for sodium, taken as +45 mV. The Boltzmann equation
used to describe the voltage dependence of activation was of the
form:

G = Gmax/(1 + exp(VÎ _ Vm)/ag),

where Gmax is the maximal conductance, VÎ is the potential at half-
maximal activation, and ag is the slope factor in millivolts.

Wherever possible data are expressed as means ± S.E.M.
Experiments were performed at room temperature (22–25 °C).

Measurement of threshold
In current-clamp experiments, excitability was assessed by repeat
estimations of voltage threshold in neurones with a long
membrane time constant (> 1 ms). The threshold was determined
from the responses to a family of incrementing applied currents at
the start and at the end of a continuous sequence of recording,
commencing as rapidly as possible after membrane rupture and
attaining the whole-cell configuration. Recordings were made
every 30 s for up to 15 min. Single ascending exponentials were
superimposed on subthreshold voltage responses to 10 ms
duration constant currents, using a least-squares method
(Fig. 4A). Where the response was a subthreshold depolarization,
the electrotonic waveform produced could be well described by a
single exponential. With greater depolarization the response
deviated, and incorporated extra depolarization caused by the
recruitment of Na+ channels. The potential at which the
electrotonic waveform became both non-passive and led to action
potential generation was defined as the threshold potential. This
method of measuring threshold overcame the effects of a variable
input resistance and produced consistent values.

M. D. Baker, S. Y. Chandra, Y. Ding, S. G. Waxman and J. N. Wood374 J Physiol 548.2
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RESULTS
Effect of GTP and analogues on TTX-r currents
We examined the effects of GTP and analogues on TTX-r

currents in voltage-clamp experiments on NaV1.8 null

mutant mouse sensory neurones. TTX-sensitive currents

were eliminated from the recordings by including 250 nM

TTX in the bathing solution. With the K+ currents blocked,

it proved possible to determine from the outset whether a

neurone exhibited persistent current or not, even though

the current was small when recording began. The low-

threshold persistent TTX-r current could be detected

easily in these cells because of the absence of the major

TTX-r channel isoform NaV1.8, although wild-type mouse

and rat neurones also generated the same current

(cf. Fig. 5). We defined the persistent current as a TTX-r

current, present at _50 mV, that activated with very slow

kinetics. Because the activation threshold was some 25 mV

more negative than that for NaV1.8, this current could also

be examined in wild-type neurones. Inclusion of GTP in

the pipette solution caused a substantial upregulation of

persistent current in five out of eight neurones in which

current was generated when first voltage clamped, without

obvious change in the current activation voltage dependence

or kinetics (Fig. 1). Not all currents underwent rapid

upregulation, possibly because GTP was hydrolysed before

GTP-induced Na+ current in sensory neuronesJ Physiol 548.2 375

Figure 1. GTP increases the amplitude of
persistent Na+ current in NaV1.8 null mutant
neurones
A, with 500 mM GTP in the internal solution the
amplitude of low-threshold current increased
dramatically over 7 min by more than 100 % (from left:
0, 2, 7 min). The voltage-clamp protocol is shown in
the inset (mV). B, normalized peak currents at 0, 2 and
7 min (0, •, 8, respectively) indicating no major
changes in current activation kinetics and a slight
increase in the amount of inactivation with time. C, the
voltage dependence of current activation was
essentially unchanged despite the large increase in
current amplitude from 0 to 7 min. D, 5 of 8 neurones
exhibited substantial upregulation over the first 5 min
of voltage clamp. The 5 neurones responding (resp) are
represented by 0, •, 2, 8 and &; the 3 non-
responding (non) neurones are represented by open
symbols.

Figure 2. Internal GTP-g-S but not GDP leads to
substantial persistent current upregulation in
Nav1.8 null mutant neurones
A, internal GTP-g-S (500 mM) consistently increased
maximal current amplitude on average by > 300 % over
5 min (0, n = 7, means ± S.E.M.). In neurones from
NaV1.8 null mutants, current amplitude did not increase
with intracellular GDP (500 mM) for recordings over
2–40 min (found in a total of 10 neurones); data for
4 neurones are shown (1, means ± S.E.M.). B, with H7
(100 mM), ATP (3 mM) and GTP-g-S in the internal
solution, the mean current increased in amplitude
(2, n = 7, means + S.E.M.), but with H7 (200 mM) and
GTP-g-S only in the pipette solution the upregulation
was significantly reduced (3, n = 5, means _ S.E.M.;
ANOVA, P < 0.001). Some S.E.M. values were smaller than
the symbol size. C, internal solution containing 2.5 mM

Li+ did not cause upregulation of the persistent current in
4 neurones (0, •, 2, 8; mean data plotted as 1). D, Li+

(2.5 mM) with GDP (500 mM) also did not induce
upregulation of the current (n = 3; •, 2, individual
neurones; mean data ± S.E.M. plotted as 1).
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upregulation occurred. In neurones in which persistent

current was generated at the start of recording, inclusion of

500 mM GTP-g-S (a non-hydrolysable analogue of GTP)

in the intracellular solution produced a dramatic increase

in the amplitude of the current of up to one order of

magnitude (in recordings lasting up to 20 min) in all

neurones tested (n = 7). In contrast, with GDP, current

amplitude was small and stable (n = 10; Fig. 2A and B). As

GTP and GTP-g-S were added to the internal solution as

Li+ salts, control voltage-clamp recordings were made over

3–10 min in 13 NaV1.8 null mutant neurones with 2.5 mM

Li+ in the internal solution, and without guanosine

phosphates. A persistent current was generated by four

neurones, none of which exhibited the rapid upregulation

found with GTP-g-S (Fig. 2C). In addition, recordings

were made from eight neurones with internal solution

containing 2.5 mM Li+ plus 500 mM GDP. In three of these

neurones persistent current was found, but it did not

exhibit upregulation (Fig. 2D). At 3 min, six of seven

neurones with internal GTP-g-S already showed an

increase in current amplitude of more than 80 %. With Li+

controls, none of the neurones (0 of 7) showed an increase

at 3–3.5 min (P = 0.005, Fisher exact test), suggesting

that Li+ was not responsible for the upregulation. The

proportion of these control neurones generating low-

threshold persistent current was 7/21 (33.3 %).

Persistent current undergoing upregulation after exposure

to GTP-g-S is presented in Fig. 3A; the current–membrane

potential relation for peak current and the peak

normalized conductance for the same neurone after

upregulation are plotted in Fig. 3B and C, respectively. The

normalized conductances for the neurone in Fig. 1A–C, at

0, 2 and 7 min after exposure to GTP, were not different

from one another or from data obtained from this neurone

exposed to GTP-g-S (Fig. 3C). These plots show that the

activation threshold for the current was more negative

than _50 mV, some 20 mV or more negative than the

threshold expected for NaV1.8.

Persistent current upregulation and the effects of a
non-selective protein kinase inhibitor
As channel phosphorylation might have played a role in

inducing upregulation, we began to investigate the effects

of removal of ATP and introduction of a protein kinase

inhibitor to the internal solution. Large upregulation of

the persistent current by GTP-g-S was recorded without

ATP in the pipette solution in three wild-type neurones

(7.8 ± 0.61-fold increase within 5 min), an increase that

M. D. Baker, S. Y. Chandra, Y. Ding, S. G. Waxman and J. N. Wood376 J Physiol 548.2

Figure 3. Upregulation of persistent current in a NaV1.8 null mutant neurone following
exposure to 500 mM GTP-g-S
A: left, maximal inward current recorded at _15 mV as soon as possible following membrane rupture. Right,
persistent current family evoked by incrementing voltage-clamp steps 12 min later. B, peak current (I) versus
membrane potential (Vm) relation for the GTP-g-S-upregulated current in A. Current activated at potentials
more negative than _50 mV. C, normalized peak conductance versus membrane potential plot for the same
neurone as in A and B (1). Also shown are normalized peak conductance versus membrane potential plots
for the neurone in Fig. 1A (symbols for 0, 2 and 7 min: 0, •, and 8, respectively). The data are normalized to
conductance values at _10 mV because the increasing rate of inactivation and residual K+ currents at positive
potentials begin to limit inward current amplitudes at early times. The smooth curve fitted to data at
7 min (8) is a Boltzmann function drawn with best-fit parameters (VÎ = _23.8 mV, ag = 6.85 mV). All
conductances were calculated assuming ENa = +45 mV.
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could be observed at _30 mV and also at more negative

potentials. While these data showed that substantial

upregulation can take place in wild-type neurones, as

sufficient endogenous ATP might remain after

intracellular dialysis, the involvement of a protein kinase

was not ruled out. In order to address this question, the

non-selective protein kinase inhibitor 1-(5-isoquinoline-

sulfonyl)-2-methylpiperazine (H7) was also added to the

pipette solution. Upregulation was not abolished by

100 mM H7, in the presence of 3 mM ATP and 500 mM

GTP-g-S (n = 7, NaV1.8 null mutant; Fig. 2B), although

the mean maximal increase was reduced. The average

increase over 5 min was smaller (approximately 150 %

rather than 300 %), and this reduction was accompanied

by an increase in the variability of upregulation. In two

neurones, the persistent current underwent an increase

larger than 150 % over 5 min, indicating that even in the

nominal presence of the inhibitor, upregulation could be

substantial. However, when the concentration of inhibitor

was increased to 200 mM and ATP was removed from the

pipette solution (n = 5, NaV1.8 null mutant), the average

upregulation was significantly diminished in comparison

to the data for GTP-g-S with ATP (two-way ANOVA with

Tukey test, between groups  P < 0.001, at 0.5 and 1 min

P < 0.05, Student’s two-tailed and one-tailed, unpaired t
tests, respectively), suggesting the involvement of a protein

kinase.

Persistent current upregulation changes excitability
To examine how the upregulation of persistent current

could change neuronal excitability, current-clamp

experiments were carried out using quasi-physiological

solutions and in the absence of TTX. When current-clamp

solutions were used upregulation could occur from a

vanishingly small persistent current; this may be because

K+ currents contribute to the total current recorded, even

at negative potentials. In this case, upregulation had to

take place before the current was observed. In some

current-clamp experiments, neurones were held at

_90 mV, eliminating variations in membrane potential.

By repeatedly estimating the voltage threshold for action

potential induction (Fig. 4A), we found that a time-

dependent increase in excitability occurred after exposure

to intracellular GTP-g-S only when the neurones were

subsequently found to generate the low-threshold

persistent Na+ current in voltage clamp. Because the

current began to activate at potentials that were very

GTP-induced Na+ current in sensory neuronesJ Physiol 548.2 377

Figure 4. Measurement of voltage
threshold and GTP-g-S-related fall in
voltage threshold for action potential
induction
A, depolarizing currents of 200 and 300 pA applied
to an example wild-type neurone gave rise to
subthreshold electrotonic responses. Thick curves
are exponentials drawn according to best-fit
parameters derived from the initial portion of the
response. An action potential was elicited by
400 pA. B, internal GTP-g-S in a NaV1.8 null
mutant neurone gave rise to a reduction in voltage
threshold (tested from a holding potential of
_90 mV), and prolonged applied depolarizations.
The reduction in threshold took place over 13 min
with intracellular GTP-g-S. Enhanced low
threshold current gave rise to profound
prolongation of previously subthreshold
depolarizations (arrow), consistent with a
substantial increase in low-threshold current
amplitude and slow current kinetics (before and
after threshold reduction, left and right panels,
respectively). C, both NaV1.8 null mutant and wild-
type (WT) dorsal root ganglion neurones exhibited
falls in threshold when persistent inward current
was upregulated by internal GTP-g-S (5, n = 3 for
both NaV1.8 null and wild-type; means ± S.E.M.),
but where no persistent current could be recorded,
the threshold increased slightly (4, n = 16 and 11
for Nav1.8 null and wild-type, respectively;
means ± S.E.M., P < 0.0001, Student’s two-tailed
unpaired t test, pooled data), strongly implying
that the presence of the current gave rise to the
threshold fall. No such fall in voltage threshold was
found in 15 neurones with internal GDP.
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similar to the threshold for K+ current activation, they

were not overwhelmed by the outward current and could

be detected as inward currents with slow activation

kinetics that had amplitudes from _400 pA to over

_2 nA at _50 mV. We also observed that subthreshold

depolarizations could be dramatically prolonged by the

upregulated current (Fig. 4B). The more negative

voltage threshold is consistent with persistent current

enhancement, and was seen in both wild-type and NaV1.8

null mutant neurones (Fig. 4C). The voltage threshold for

action potential induction was estimated to change by

_15.64 mV in wild-type (n = 3) and by _15.83 mV

(n = 3) in the Nav1.8 null mutant (total n = 6; mean

change = _15.74 ± 2.24 mV), for neurones with internal

GTP-g-S and a persistent Na+ current. The proportion of

wild-type and Nav1.8 null mutant neurones generating the

current was 21 % (3/14) and 16 % (3/19), respectively.

More negative thresholds were not observed in neurones

lacking the upregulated current (threshold increased by

3.72 ± 1.29 mV, n = 27; P < 0.0001, Student’s two-tailed

unpaired t test). Internal GDP also failed to alter voltage

threshold (threshold fell by 1.05 ± 0.46 mV, 6 NaV1.8 null

mutant neurones and 9 wild-type neurones, total n = 15,

P < 0.001 compared with GTP-g-S-exposed neurones

generating persistent current, Student’s two-tailed unpaired

t test).

In addition to a decrease in threshold, upregulation of the

persistent current (Fig. 5A) gave rise to a breakdown in

accommodation and resulted in repetitive firing to a

prolonged (200 ms) ‘just’ supra-threshold stimulus in the

M. D. Baker, S. Y. Chandra, Y. Ding, S. G. Waxman and J. N. Wood378 J Physiol 548.2

Figure 5. Persistent current upregulation alters the voltage threshold and leads to
accommodation breakdown
A, voltage-clamp recordings using quasi-physiological solutions from a wild-type neurone before and after
persistent current upregulation (left and right panels, respectively). Persistent current began to activate over
a potential range that was more negative than the threshold for K+ current recruitment. B, responses to
200 ms duration ‘just’ subthreshold and supra-threshold depolarizations from a holding potential of
_90 mV, before (left) and after (right) current upregulation. Upregulation of persistent current lowered
voltage and current  threshold and gave rise to repetitive firing (same neurone as in A). Repetitive firing
occurred in this neurone at a frequency of 13 Hz, where the most negative potential during the interspike
interval was _77 mV. C, voltage-clamp recordings using quasi-physiological solutions in an example wild-
type neurone. At the start of recording a transient Na+ current began to activate at _30 mV (left). After
upregulation of NaV1.9, a persistent current appeared (right). D, current-clamp recordings showing 10
sequentially recorded traces at 1 min (left) and 3 min (right) after the whole-cell configuration had been
achieved (same neurone as in C). The holding current was not greater than _20 pA, and was adjusted to
maintain membrane potential at close to _60 mV. E, example of the time dependence of discharge
frequency. Same neurone as in C and D.
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same neurone (Fig. 5B), from a holding potential of

_90 mV. For the neurone shown in Fig. 5A and B, the

repetitive firing occurred when the most negative

membrane potential value between action potentials was

within the range _77 to _67 mV. In a total of 11 wild-type

neurones held at _60 mV (a typical resting potential for

small neurones; e.g. Wang et al.1994), inclusion of GTP-g-S in the pipette caused the upregulation of persistent

current in four neurones (Fig. 5C), and led to the

generation of spontaneous activity (Fig. 5D and E). Only in

those neurones where persistent current was recorded in

voltage clamp did spontaneous activity ensue at _60 mV,

at firing frequencies up to > 1 Hz. No activity was recorded

without persistent current activation. The spontaneous

activity was driven by a slowly increasing depolarization

preceding an action potential for many tens of

milliseconds (Fig. 5D). The potential range over which

such potential changes occurred corresponded to the most

negative part of the activation range for the persistent

current, and is consistent with the proposition that

upregulated persistent current is able to drive the

spontaneous activity.

Wild-type neurones on average exhibited a more stable

voltage threshold after exposure to GTP-g-S in the

absence of the persistent current than the NaV1.8 null

mutant neurones, where the voltage threshold became

more positive (+0.86 ± 1.54 versus +5.68 ± 1.78 mV,

n = 11 and 16 in wild-type and Nav1.8 null mutant

neurones, respectively; P = 0.052, Student’s two-tailed

unpaired t test). NaV1.8 undergoes protein kinase A-

dependent changes in activation kinetics and voltage

dependence that tend to increase repetitiousness (England

et al. 1996; Gold et al. 1996). We propose that the effects of

GTP analogues on NaV1.8 could thus make a contribution

to maintaining excitability, and this may be a reflection of

this expected action of protein kinase A. However, the

difference between wild-type and Nav1.8 null mutant

neurones was not statistically significant, and dramatic

changes in excitability can clearly occur without the

involvement of NaV1.8 and correlate with NaV1.9

upregulation.

Upregulation of persistent current depolarizes
neurones
As previously predicted (Herzog et al. 2001), the persistent

current would be expected to contribute to setting the

resting membrane potential, because the current generates

an activation–inactivation gating overlap current (Cummins

et al. 1999; Herzog et al. 2001; Dib-Hajj et al. 2002). The

reliable upregulation of the current we describe here

allowed us to test whether low-threshold persistent

current upregulation alone can depolarize a neurone. In

two neurones showing a substantial increase in current

amplitude at _50 mV (example neurone in Fig. 6), we

found that a depolarization of about 10 mV could ensue.

This shift in membrane potential was not seen in the

absence of persistent current upregulation. The depolarizing

shift in resting potential could not be explained by a fall in

input resistance, and became maximal within the range of

membrane potentials at which an overlap current would

be expected to flow.

DISCUSSION
TTX-r Na+ channels are known to play a role in

nociceptive pathways (reviewed by Baker & Wood, 2001;

Fang et al. 2002). Immunocytochemical evidence places

NaV1.9 Na+ channels at sensory nerve endings in the

cornea (Black & Waxman, 2002), suggesting that they may

contribute to electrical excitability at the receptive endings

of small diameter afferents. The evidence provided by Fjell

et al. (2000) and Fang et al. (2002) is consistent with a role

for this channel in nociceptive pathways, because it is

expressed only in fibres classified as nociceptive (including

C-fibres, Ad and a few Aa/b fibres), and not in low-

threshold mechanoreceptive afferents in rat dorsal root

ganglia.  Our present observations suggest a special role for

the low-threshold persistent Na+ current (attributed to

GTP-induced Na+ current in sensory neuronesJ Physiol 548.2 379

Figure 6. Upregulation of persistent current by GTP-g-S
affects membrane potential
Top, upregulation of persistent current by GTP-g-S depolarized a
wild-type neurone. Membrane potential recorded in current
clamp plotted over 2 min is shown (3), with voltage-clamp
recordings (inset) from the same neurone before (1) and after (0)
current upregulation. Input conductance fell from 6.96 to 5.93 nS
over the same period. Bottom, in another wild-type neurone (+),
there was no current upregulation over 4 min and no
depolarization. Inset, voltage-clamp records from the same
neurone plotted before (ª) and after (•) membrane potential
recording. The calibration bars in the top inset also apply to the
bottom inset.
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NaV1.9) that may be important for the induction and

maintenance of inflammatory pain.

We hypothesized that activating G-proteins by including

GTP or GTP-g-S in the intracellular solution might also

regulate NaV1.9 and have presented evidence that the

persistent Na+ current is substantially upregulated by

G-protein activation. This modulation can give rise to

changes in membrane excitability sufficient to cause

spontaneous activity at a membrane potential near

_60 mV. The data clearly indicate that if a sensory neurone

is hyperpolarized to potentials more negative than the

activation threshold for the persistent current, GTP-

dependent upregulation of the current can substantially

increase excitability. The current amplifies and prolongs

an imposed depolarization and is likely to operate in this

way at potentials more negative than that at which it is fully

activated. Because of the slow activation kinetics of the

current, it would be most effective at enhancing an

imposed depolarization sustained over many milliseconds.

Furthermore, at potentials within the most negative

portion of the potential range of activation, the

upregulated current appears to be sufficiently large to

drive spontaneous activity, at least in neuronal somata.

The upregulated current does not exhibit substantially

changed kinetics. One possibility is that non-conducting

(covert) Na+ channels become operable in the presence of

GTP. The time scale of current increase suggests that

trafficking into the membrane or some other post-

translational modification is likely to underlie this effect.

The persistent current is reported to undergo a voltage-

dependent ultra-slow inactivation (Cummins et al. 1999),

although it is unknown whether exit from this state could

be controlled by a GTP-dependent mechanism.

Immunocytochemical evidence suggests that only half of

the small diameter dorsal root ganglion neurones may

express NaV1.9 (consistent with the localization of SNS2;

Amaya et al. 2000). The expression of NaV1.9 revealed by in
situ hybridization in small diameter DRG neurones in vivo
(Dib-Hajj et al. 1998; reviewed by Dib-Hajj et al. 2002)

suggests that expression is widespread. Fang et al. (2002)

reported that over 60 % of nociceptive neurones express

NaV1.9-like immunoreactivity. In the present in vitro
experiments using quasi-physiological solutions, the

proportion of small diameter, Nav1.8 null mutant

neurones generating low-threshold persistent current

after exposure to internal GTP-g-S was about 1 in 6

(~16 %). For wild-type, the proportion was 1 in 4. The

prevalence of the current in control voltage-clamp

recordings from NaV1.8 null mutant neurones was 1 in 3

(~33 %). The proportion of Nav1.8 null mutant neurones

generating the persistent current in voltage-clamp and

physiological solutions was not significantly different

(P = 0.281, Fisher exact test), but we cannot entirely rule

out the possibility that differences in the recording

solutions may play some part in determining the

proportion of neurones generating persistent current, or

that small inward currents are simply easier to discern with

voltage-clamp solutions that block K+ currents. Any

apparent discrepancy between functional data on the one

hand and immunocytochemical and molecular data on

the other may be due to the channel being expressed at

regions of the cell other than the soma, and thus not

contributing to somatic currents, or because the channel

can exist in both functional and non-functional states

that cannot be distinguished by immunocytochemical

techniques.

We have estimated that the Cs+ block of residual K+

currents in similar neurones has a time constant close to

1 min (data not shown), and this indicates that an

important rate-limiting process for current upregulation

is likely to be the diffusion of GTP-g-S from the electrode.

While our data are consistent with the involvement of a

protein kinase in the regulatory pathway, one possible

reason why a high concentration of kinase inhibitor was

required in comparison to that used in other studies

(e.g. 50 mM, Chernov et al. 2001; 10 mM, Alroy et al. 1999)

could be that no time was allowed for the inhibitor to

equilibrate with the cell interior before the introduction of

GTP-g-S. The GTP-binding proteins involved in the

current regulatory pathway are unknown. Various

combinations of bg-subunits have been found to enhance

the amplitude of the minor, persistent portion of TTX-

sensitive currents generated by NaV1.2 in a heterologous

system (Ma et al. 1997).

The recent identification of a TTX-r sodium current in the

hippocampus that is involved in neurotrophin-evoked

depolarization has highlighted another role for NaV1.9

(Blum et al. 2002). Brain-derived neurotrophic factor

(BDNF) applied to hippocampal neurones evokes currents

of up to 100 pA that are TTX resistant but blocked by

10 nM saxitoxin (Blum et al. 2002). These currents are

dependent on the presence of the brain-derived

neurotrophic factor receptor (TrkB), and may play an

important role in the establishment of long-term

potentiation (LTP) (Kovalchuk et al. 2002; Messaoudi et
al. 2002). By contrast, the voltage-gated persistent sodium

currents present in sensory neurones are larger (up to

several nanoamps), are found in TrkB-negative neurones

and are not blocked by saxitoxin at concentrations of up to

1 mM (data not shown). Persistent and BDNF-gated

sodium currents have both been observed in transfected

HEK293 cells using cDNA clones encoding NaV1.9 with or

without TrkB (Blum et al. 2002; Dib-Hajj et al. 2002).

However, the distinct properties of the two currents

suggest that different molecular entities must underlie

BDNF-gated and persistent sodium currents. Sodium
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channels are known to alter their properties in response to

a variety of post-transcriptional regulatory steps, ranging

from neurotrophin-regulated trans-splicing (Akopian et
al. 1999a) to phosphorylation (Fitzgerald et al. 1999). In

addition, accessory co-factors are known to alter the

properties and distribution of sodium channels (Isom,

2001), and some factors are essential for particular isoform

expression, for example P11 and NaV1.8 (Okuse et al.
2002). Thus tissue-specific modifications of NaV1.9 such

as trans-splicing, or interactions with accessory subunits,

could explain the discrepancies between the two types of

current that have been ascribed to NaV1.9. Whatever the

molecular mechanism, the regulation of expression and

gating of NaV1.9-encoded currents is likely to play an

important role both in pain pathways, and in hippocampal

neuronal signalling.

In the experiments described here, the upregulated

persistent current acts to increase the excitability and

reduce accommodation in potential nociceptive neurones

with high membrane potentials. We ascribe the reduction

in accommodation to the fall in voltage threshold that

allows action potential induction from potentials that

minimally activate K+ currents. The loss of accommodation

allows spontaneous activity at a holding potential near

_60 mV. The current upregulation is related to G-protein

activation, and may represent an important mechanism

in the induction of inflammatory pain. One possible

consequence of increased excitability at nerve endings

brought about by the upregulation of the persistent

current could be the recruitment of silent nociceptors to

an active state (e.g. Schmidt et al. 1995). These studies

suggest that blocking the current may have important

effects on hyperalgesia and pain sensation.
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